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Abstract 
Ferric oxide (α−Fe2O3) thin films were fabricated on amorphous nonconductive and FTO 
conductive glass substrates starting from iron acetate nanoparticles by the doctor blade and the 
spin coating techniques. Thin films of α−Fe2O3 with and without the PEG binder were 
investigated. Films were subsequently annealed at 500 0C in air for 1 hour to crystallize the 
phase α−Fe2O3. The structural and chemical properties of α−Fe2O3 thin films were determined 
using XRD and FTIR. According to XRD, the single phase of α−Fe2O3 crystallized in the thin 
film after annealing. The optical band gap of synthesized α−Fe2O3 thin films were determined by 
UV-Visible spectrums. Gas sensitivity, respond time and recovery time of α−Fe2O3 thin films 
were measured in 1000ppm of CO2 gas using AUTO LAB. Thin films synthesized by the doctor 
blade method were thicker and more uniform than the thin films prepared by the spin coating 
technique. Gas sensitivity of α−Fe2O3 films synthesized by the doctor blade method is slightly 
higher than that of the films fabricated by the spin coating technique. α−Fe2O3 films with the 
PEG binder posses a higher gas sensitivity, lower respond time and lower recovery time 
compared to films without PEG binder. After adding the PEG binder, the optical band gap of 
α−Fe2O3 thin films reduces. The reduction of the activation energy is the reason for the 
improvement of the gas sensitivity after adding the PEG. However, the peak positions of FTIR 
do not indicate any significant change due to the adding of the PEG. Adding the binder increased 
the gas sensitivity of iron oxide by 15.44%. Both FTIR and UV-Visible data confirm the 
formation of α−Fe2O3 in the thin film.    
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1. Introduction: 
Iron oxide is a prime candidate of magnetic data storage, biosensing, drug delivery, magnetic 
resonant imaging, photodynamic therapy and agriculture applications. Fe2O3 is a dark red 
material with band gap 2.2 eV. The resistivity and activation energy of Fe2O3 at room 
temperature are 6.5x105 Ωcm and 0.728eV, respectively. Preparation of iron oxide in thin film 
form has been received a wide attraction due to the potential applications of Fe2O3. Thin films of 
iron oxide have been fabricated by both post-oxidation of pure Fe ultra-thin films and by 
evaporating Fe onto the MO substrates [1]. Colored iron oxide thin films have been synthesized 
by Sol-gel technique [2]. Iron oxide thin films have been deposited on fused quartz substrate 
using simple metal organic deposition from Fe-(III) acetylacetonate as the organic precursor [3]. 
Fe3O4 thin films have been sputtered using a target consisting of a mixture of Fe3O4 and Fe2O3 
onto Si and glass substrates [4]. Also thin films of hematite have been synthesized using pulsed 
laser depositions (PLD) [5]. Fe2O3 thin film gas sensor sensitive to organic vapors and hydrogen 
gas have been synthesized using cathodic sputtering [6]. Fe2O3 gas sensing films have been 
deposited by normal pressure chemical vapor deposition to detect acetone and alcohol [7]. Fe2O3 
thick film sensors have been used to detect CH4, H2 and NH3 [8]. Hollow balls of nano Fe2O3 has 
been employed to detect dimethyl methylphosphonate at room temperature [9]. It is possible to 
control the gas sensing properties of hematite nanocrystals by controlling the morphology [10]. 
Gas sensing properties of p-type α–Fe2O3 polyhedral particles have been investigated [11]. 
Durability and stability of α–Fe2O3 oxide micro and nano structures have been studied [12].  
Thin films have been synthesized using techniques incorporated with vacuum by us previously 
[13, 14, 15, 16]. Compared to the expensive techniques required vacuum, spin coating and doctor 
blade techniques were found to be low cost and fast. In this manuscript, the band gap determined 
using an optical method is presented. However, it is possible to determine the band gap using 
electrical conductivity measurements too [17]. Iron oxide is one of the most famous magnetic 
materials. Magnetic properties of ferromagnetic and ferrite thin films have been investigated by 
us using the modified second and third order perturbed Heisenberg Hamiltonian by us [18-22]. 
Gas sensitivity of many materials has been investigated in many different gases [23-30]. 
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The gas sensitivity, surface morphology, structural, chemical and optical properties of α−Fe2O3 
thin film samples fabricated by doctor blade method are presented in this manuscript. Structural, 
chemical and optical properties were determined by X- ray diffraction (XRD), Fourier Transform 
Infrared (FTIR), UV-Visible techniques, respectively. The gas sensitivity was calculated by 
measuring the resistance of the sample in the particular gas and the atmospheric air. Because 
CO2 gas creates the highest pollution in urban and industrial areas, the gas sensitivity of α−Fe2O3 
films in CO2 gas was studied.   
 
2. Experimental: 
(a) Sample preparation: 
First 1.5002 g of iron acetate nanoparticles were dissolved in 10 ml of water to prepare a solution 
of 2 M. It was stirred on a magnetic stirrer at 600 rpm for 1 hour to mix the solution. The 
solution was placed inside a furnace at 500 0C for two hours with 10 0C min-1 heating rate. Then 
0.0503 g of polyethylene glycol (PEG) was mixed with 8 ml of water. It was placed on a 
magnetic stirrer and stirred at 45 0C temperature for 15 minutes. Prepared PEG solution (2 ml) 
was added to iron acetate solution, and few drops of ethanol was added to it. Then the solution 
was placed on the magnetic stirrer, and it was stirred at 600 rpm for two hours at 50 0C 
temperature. Finally the prepared iron acetate-PEG solution was applied to a conductive FTO 
glass plate or a normal non-conductive glass plate to prepare α−Fe2O3 thin films using doctor 
blade and spin coating methods. Samples prepared on non-conductive glass plates were 
employed for XRD, FTIR and UV-Visible absorption measurements. Thin films grown on 
conductive FTO glass plates were used for gas sensitivity measurements. Solutions with and 
without the PEG binder were applied to the glass plates in order to study the effect of PEG on 
gas sensitivity. FTO glass plates with the area of 3.5 cm x 2 cm were used. An area of 0.6 cm x 2 
cm was scratched in the middle of the conducting side on FTO glass by using very smooth glass 
cutter. Then glass slides were well cleaned using ethanol. If thin films are prepared on 
unscratched conductive glass plates, then only the conductive glass plates carry the electric 
current between two electrodes. When the scratched glass slide is used to fabricate the gas 
sensor, only the α−Fe2O3 layer conducts the electric current.  
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In the doctor blade method, cello tapes glued to the edges of the glass plates were used to control 
the thickness. In spin coating method, the samples were synthesized at spin speeds of 300, 400, 
500, 600, 700 and 800 rpm for 2 minutes. First the prepared samples were heated on hot plate at 
50 0C temperature for 1 hour. It is important to stabilize the PEG binder, because PEG is stable at 
45 - 50 0C temperature range. Then the thin films were cooled down in normal air for 2 hours. 
Thereafter, they were placed inside the oven at 150 0C temperature for 1 hour to remove excess 
oxygen and water vapor from the sample. Next the thin films were annealed in the furnace at 500 
0C for one hour in air to crystallize the phase of α−Fe2O3. Above 465 0C temperature, iron 
acetate removes its partially bonded oxygen atoms and converts to stable α−Fe2O3, and that 
converted Fe2O3 is not converted back to the iron acetate when the samples is cooled. This 
implies that the reaction is irreversible.  
(b) Structural and chemical property measurements: 
Structure of the thin films was investigated using a X- Ray diffractometer Rigaku Ultima IV with 
CuKα radiations. Chemical properties of α−Fe2O3 thin films were measured by a SHIMADZU 
IRAffinity-1S Fourier Transform Infra Red spectrometer. The optical energy gap of α−Fe2O3 
thin films was determined by a Shimadzu 1800 UV/Visible spectrometer. The operating 
wavelengths of the UV/Visible spectrometer were in the range from 190 to 1100 nm.  
 
(c) Gas sensitivity measurements: 
The prepared α−Fe2O3 samples were connected to a 5 V power supply for 6 hours to stabilize the 
sensor. Thereafter, the gas sensors were used to identify tested gases. Gold coated electrodes and 
wires were used for all the connections. The sensor electrode wires were connected to a Keithley 
6400 source meter unit to measure the current carrying through the gas sensor. Then the Keithley 
6400 source meter was adjusted for current measuring mode, and 5.0 V was applied to the gas 
sensor. Next the measured time period was adjusted to 5000 s, and “AUTO LAB” measuring 
unit was switched on to measure the current carrying through the gas sensor. Thereafter, a few 
minutes were given to stabilize the current through the gas sensor. After stabilizing the current, 
some known amount of CO2 gas (1000 ppm) was injected in to the glass chamber using a 
syringe. Then electric current increased and reached the saturated value of the current, and this 
 5 
 
saturated current was noted down. The time taken to reach the saturated current was also 
measured. This is called the respond time. Thereafter, normal atmospheric air was pumped in to 
the glass chamber to remove the injected CO2 gas, and the air was pumped continuously in to the 
glass chamber until the current reading returned to initial stable value. The time taken to reach 
the initial stable value was also measured. This is called the recovery time. Then the air pump 
was switched off and, few minutes were given to stabilize the gas sensor. Thereafter, CO2 gas 
was injected again to the gas chamber, and above procedure was repeated to obtain another 
current variation cycle. This procedure was repeated for the gas sensors prepared with the binder 
(PEG) and without the binder, and the current response variation was compared.  
3. Results and Discussion: 
Figure 1 represents the XRD patterns of the α−Fe2O3 thin films fabricated with and without the 
PEG binder. According to XRD patterns, single phase of α−Fe2O3 could be crystallized after 
annealing the sample at 500 0C for one hour in air. Adding the PEG binder does not change the 
structure of the sample. The samples annealed at temperatures below 500 0C were not 
crystallized well.  The samples annealed above 500 0C were not stable. Lattice spacing and the 
Miller indices found from XRD patterns in Figure 1 are tabulated in Table 1.  
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Figure 1: XRD patterns of α−Fe2O3 thin films (a) with the PEG binder (b) without the PEG 
binder. 
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Miller Indices Diffraction angle (2θ) Bragg angle (θ) Lattice spacing (d) (A0) 
(012) 24.160 12.080 3.681 
(104) 33.180 16.590 2.698 
(110) 35.650 17.330 2.586 
(113) 40.880 20.440 2.206 
(024) 49.500 24.750 1.840 
(116) 54.170 27.090 1.691 
(018) 57.570 28.780 1.600 
(214) 62.470 31.240 1.485 
(300) 64.010 32.010 1.453 
(119) 72.530 36.270 1.302 
 
Table 1: Miller indices and lattice spacing found from XRD patterns. 
The FTIR spectrums of α−Fe2O3 thin films with and without the PEG binder are shown in Figure 
2. FTIR peaks appear at 456-468 cm-1 and 549-560 cm-1 [31]. These are the peaks corresponding 
to Fe-O bonds in α− Fe2O3. These FTIR data confirm the formation of the α−Fe2O3 phase in the 
thin film. 
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Figure 2: FTIR spectrum of α−Fe2O3 thin films (a) with the binder (b) without the binder. 
 
                                                                                               
 
Figure 3: UV-Visible absorption spectrum of α−Fe2O3 thin films (a) with the PEG binder 
(b) without the PEG binder. 
 
Figure 3 shows the UV-Visible spectrums of α−Fe2O3 thin films with and without the PEG 
binder. The optical band gap (Eg) was found using  
  
(a) (b) 
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λ
hcEg =                                                                                                                                    (1)              
Where h, c and λ are the Planck’s constant, speed of light and absorption edge, respectively. 
Absorption edge is the intercept of tangential line drawn to the part of the absorption curve with 
the highest slop on the horizontal axis. Absorption edges of the samples with and without the 
binder are 648 and 631 nm, respectively. The optical band gaps of α−Fe2O3 samples with and 
without the binder are 1.92 and 1.98 eV, respectively. The optical band gap of the film without 
the PEG binder is the same as the band gap of pure α− Fe2O3, which indicates the formation of 
α− Fe2O3 in the thin film. Adding a foreign material contributes more energy level to the energy 
levels of pure α−Fe2O3. These extra energy levels reduce the effective band gap.     
Gas sensitivity= %100x
R
RR
a
ag −
                                                                                              (2) 
Here Rg and Ra are the resistances of the sample in the particular gas and atmospheric air, 
respectively. 
Figure 4 shows the variation of the electric current, the resistance and the gas sensitivity of 
α−Fe2O3 thin film samples with and without the PEG binder measured in 1000ppm of CO2 gas at 
the room temperature. Both these samples were annealed at 500 0C for 1 hour in air. After 
applying a voltage of 5.00 V across α− Fe2O3 layer, the current (I) was in the 2-3 mA range. 
Here red and black curves represent the data of α−Fe2O3 with and without the PEG binder, 
respectively. The resistance (R) was calculated using 
 
I
VR 5=                                                                                                                                    (3)                             
Gas sensitivity of α−Fe2O3 increased from 51.04% to 66.48% after adding the PEG binder. 
Response time slightly decreased from 821 to 819 s after adding the binder. In addition, recovery 
time slightly decreased from 624 to 619 s after adding the PEG binder. Gas sensors with high 
sensitivity, low respond time and low recovery time indicate best performances. Therefore, all 
 10 
 
the gas sensing properties can be improved by adding the PEG binder. Adding the binder 
increased the gas sensitivity of iron oxide by 15.44%. According to the Figure 3, adding the 
binder reduced the optical band gap of α− Fe2O3. The reduction of the optical band gap is 
attributed to the increase of the gas sensitivity. When the optical band gap of the sample is 
narrow, more electrons can be transferred to the conduction band by supplying a less amount of 
energy. The activation energy reduces with the decrease of the optical band gap. The electrical 
conductivity increases with the decrease of the activation energy at one particular temperature 
according to the Arrhenius equation given below. As a result, the gas sensitivity enhances.    
)exp(0 kT
E
a
−= σσ                                                                                                                     (4) 
Where σ, σ0, k, T and Ea are the conductivity at temperature T, conductivity at absolute zero, 
Boltzmann’s constant, absolute temperature and the activation energy, respectively. 
When the binder PEG was added to the α− Fe2O3 sample, the surface structure of α− Fe2O3 will 
attract more oxygen atoms from the atmosphere. That surface binder oxygen is called partially 
bindered oxygen in to the semiconductor surface, and they donate electrons in to the conduction 
band of the α− Fe2O3. As a result, the free electron concentration in the conduction band of 
α− Fe2O3 increases, and that causes to increase electrical current passing through the top surface 
of the gas sensor. Therefore, the electrical conductivity of α− Fe2O3 partially increases with the 
binding material. 
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Figure 4: The graphical representations of (a) current (b) resistance and (c) gas sensitivity of 
α−Fe2O3 thin films in CO2 gas with and without the PEG binder. 
 
Figure 5 represents the electric current, the resistance and the gas sensitivity of α−Fe2O3 thin 
films with the PEG binder prepared by the doctor blade and spin coating techniques. These 
samples were measured in 1000ppm of CO2 gas at room temperature. Black and red curves 
represent the α−Fe2O3 thin films prepared by spin coating and doctor blade techniques, 
respectively. The samples synthesized using the doctor blade method was found to be more 
uniform and thicker than the samples prepared by the spin coating technique. The spin coated 
(a) (b) 
(c) 
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sample was synthesized at spin speed of 500 rpm for 2 minutes. While the samples prepared at 
the spin speed of 300 rpm were less uniform, the samples prepared at the spin speed of 800 rpm 
were thinner. 500 rpm was found to be the best spin speed. Both these thin films were annealed 
at 500 0C in air for 1 hour. Table 2 shows the gas sensitivity, respond time and recovery time of 
the thin films fabricated by the doctor blade and spin coating techniques, which were calculated 
from the graphs in Figure 5. The gas sensitivity of the thin film prepared by the doctor blade 
method is slightly higher than that of the thin film prepared by the spin coating technique. The 
reason is attributed to the thickness and the uniformity of the samples synthesized by the doctor 
blade method. Both the respond and recovery times of the gas sensors deposited by the doctor 
blade method are higher than those of the samples prepared by the spin coating technique.    
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Figure 5: The graphical representations of (a) current (b) resistance (c) gas sensitivity for CO2 
gas sensors prepared using the doctor blade and the spin coating methods. 
 
 
 
 
 
 
(a) (b) 
(c) 
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α−Fe2O3-PEG gas 
sensor 
Response time (s) Recovery time (s) Gas sensitivity 
(%) 
Doctor blade method 819 619 66.91 
Spin coating method 746 537 65.76 
 
Table 2: Gas sensitivity, response and recovery times of α−Fe2O3 films with PEG binder 
prepared by the doctor blade and the spin coating techniques. 
4. Conclusion: 
After heating iron acetate nanoparticles at 500 0C for 2 hours in air, iron acetate powder was 
converted to iron oxide powder. According to XRD patterns, the single phase α−Fe2O3 could be 
crystallized in the thin film form after annealing the sample at 500 0C for 1 hour in air. The gas 
sensitivity of the α−Fe2O3 thin films with the PEG binder synthesized by the doctor blade 
method is slightly higher than that of the α−Fe2O3 thin films with the PEG binder fabricated by 
the spin coating technique. The gas sensitivities of the films synthesized by the doctor blade and 
the spin coating methods are 66.91% and 65.76% in 1000ppm of CO2 gas, respectively. The gas 
sensitivity of α−Fe2O3 thin films in 1000ppm of CO2 can be improved by adding the PEG 
binder. According to UV-Visible spectrums, the optical band gaps of α−Fe2O3 samples with and 
without binder are 1.92 and 1.98 eV, respectively. The decrease of the optical band gap and the 
activation energy is the reason for the improvement of the gas sensitivity. Response time slightly 
decreased from 821 to 819 s after adding the binder. In addition, recovery time slightly decreased 
from 624 to 619 s with the addition of the PEG binder.  FTIR peaks observed at 456-468 cm-1 
and 549-560 cm-1 by confirm the formation of α−Fe2O3 in the thin film. The gas sensitivity of 
α−Fe2O3 increased from 51.04% to 66.48% after adding the PEG binder.    
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